Subsurface waters circulating in an unpolluted soil of a planosolic horizon (Massif Central, France) were studied in order to determine their physico-chemical characteristics. Three water sampling sites were chosen along a toposequence according to topography. For each site, two piezometers were placed above and in the gravely and Author manuscript, published in "Applied Geochemistry 24, 1 (200924, 1 ( ) 96-105" DOI : 10.101624, 1 ( /j.apgeochem.2008 have a mixed nature. The impact of the concretion-rich horizon is noticed both on the nature of particles and on the speciation of trace metals and could be explained by the hydrodynamic and chemical reactivity of the circulating solution. Very few correlations exist between elements in the dissolved phase.
(gneiss and amphibolite) and intrusive granitic rocks (Quenardel and Rolin, 1984) . The area is a grassland in a hedged farmland district. The studied soil is a Planosol developed from gneissic parent material. Planosols are characterized by the vertical succession of horizons (Fig. 1a) . The upper horizon (sandy and organic-rich horizon) is allochthonous and derived from colluvial materials of amphibolitic (site 1, piezometers 1a and 1b) and gneissic (sites 2 and 3, piezometers 2a, 2b, 3a and 3b) origin (SalvadorBlanes et al., 2001) (Fig. 1b) . The gravelly and concretion-rich horizon below comprises concretions which are mainly composed of several types of cements (Fe-rich, Si-and Al-rich, Mn-rich and Ti-rich) surrounding grains of quartz, feldspars, micas and accessory minerals (Salvador-Blanes, 2002; Cornu et al., 2005) 
Sampling and analytical methods
Three water sampling sites were chosen along a toposequence according to topography (Fig. 1) . Two piezometers were placed in each site, in November 2003: above (noted 1a, 2a, 3a respectively for sites 1, 2 and 3) and in (noted 1b, 2b and 3b respectively for sites 1, 2 and 3) the gravelly and concretion-rich horizon. Piezometers were made of a strainer (20 cm height) in order to collect free water circulating in the soil horizon. Soil sampled to study both the particulate and the dissolved phases. The concentrations of the particulate fraction were determined by subtracting concentration measured in the bulk solution from concentration measured in the dissolved fraction. Soil waters were filtered in the field through 0.45 µm membrane filters (acetate of cellulose) with a frontal-flow system in order to separate dissolved and particulate fractions. Prior to use, each membrane was rinsed with deionized water (18 MΩ) and then with the sample.
Filtered and bulk water samples were acidified to pH ≈ 2 with Suprapur ® grade nitric acid for aliquots intended for cation, phosphorus, dissolved silica, TOC, DOC and trace metal analysis. The samples were stored in previously washed polypropylene containers. Physico-chemical parameters (temperature, pH and electrical conductivity C) were measured in the field. Alkalinity was measured the same evening by the Gran method (Gran, 1950) with a HCl solution. Bicarbonate concentrations were calculated considering alkalinity mainly due to carbonate. Total organic C (TOC, on unfiltered water samples) and dissolved organic C (DOC) were determined by using a C analyzer (Shimadzu TOC-V CSH , NPOC method). Particulate organic C (POC) was obtained by difference between TOC and DOC. Calcium and Mg, in the bulk and filtered waters (0.45 µm), were determined by flame atomic absorption spectrometry, and Na and K by flame atomic emission spectrometry. destroyed. Therefore, the particulate fraction corresponds to amorphous particles (plus carbonates) and ions adsorbed on the clay minerals.
All samples exhibited a charge imbalance lower than 10%.
Blank filters were run out in the field to check for possible contamination. Deionized water passed through filters was also analyzed. Blank tests showed that the filtration introduces insignificant levels of contamination for all the elements of interest.
Results

Major elements and nutrients
In the dissolved fraction, wide ranges of concentrations are recorded for the three sites from 2004 to 2006 for major-and minor-elements ( 
Trace elements
Concentrations of trace elements are presented in Table 4 . The absence of correlation between organic matter content and trace metals could be attributed to the fact that the reactive fraction of the organic matter could not be assessed in the relationship (Harter, 1983; McBride et al., 1997) .
In the particulate fraction, six groups of trace elements can be distinguished. In 2a, Cr, Ni and U are linked to Al (R 2 = 0.929; 0.903; 0.934 respectively); Cd is linked to POC (R 2 = 0.719). In 2b, Co, Cu, Pb, U, Zn are linked to Mg (Table 6) ; Al, Cr, Cu, Ni, Pb, U are strongly correlated with Fe (Fig. 3) ; Co, Cr, Cu, Ni, Pb, U, Zn are linked to Al and POC (Table 7) .
No relationship is observed in the dissolved fraction.
In 2b No evidence of mixed particles is recorded in 2a.
Site 3
In the particulate fraction, the correlation diagrams delineate several groups of elements.
In 3a, Pb and U are correlated with Si (R 2 = 0.850 and 0.888 respectively); Al, Co and
Cr are correlated with Mg (R 2 = 0.943; 0.900 and 0.919 respectively); Co, Cr, Pb and
Zn are strongly correlated with Al (Table 8 ). In 3b, no correlation exists between Si, Mg
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and metals; Co, Cr, Cu, Ni, U and Zn are correlated with Fe ( Fig. 4) and Al (except Ni) (Table 8) ; Cr and Cu are correlated with POC (R 2 = 0.980 and 0.987, respectively).
In the dissolved fraction, in 3a, Co and Mn are correlated with Fe (R 2 = 0.947 and 0.964, respectively), and in 3b, Cu, Mn, Sr and U are correlated with HCO 3 -and Ca (Table 9 ).
In 3a 
Discussion
Chemical characteristics of soil solution and water circulation
Waters circulating in sites 2 and 3 are more mineralized than that in the site 1. The soil solution composition seems to depend on the water residence time. The Ca-rich content in the site 1 may evidence that water circulating in the sites 2 and 3 does not mainly come from vertical infiltration but rather from lateral flow.
Between March The subsurface water circulation pattern is not in agreement with topography. Site 2 seems to receive mainly lateral waters. Site 3 water may originate from site 2, from the side, or from a confined aquifer. Also, the evolution of trace element behaviour upstream/downstream cannot be discounted.
Range of the redox state of soil solutions
Redox reactions play an important role in the chemistry of natural water systems and influence the mobility and availability of many elements. In this work, the range of pe values in soil solutions was calculated in order to determine the degree of oxidation of trace metals and to study the links between metals and Fe/Mn/Al oxyhydroxides.
Temporary waterlogging of soils may cause the redox potential to decrease. 
Behaviour of trace elements
Binary correlations provide evidence when one mechanism prevails in the regulation of an element's behaviour. If several mechanisms with the same impact are involved, they cannot be identified. trace metals are mainly associated with particles (Table 4 ) and (iv) very few elements are correlated in the dissolved fraction. In the narrow range of calculated redox states, no difference is really noticed from site 1 to site 3, perhaps excepted for Cr and U in the particulate fraction.
The relationship between Co and Mn reflects the well-known affinity and adsorption (or co-precipitation)/desorption of Co onto amorphous MnO 2 . Cobalt associated with Mnoxide phases is probably released (or maybe reduced) when the oxides are reduced (Spencer et al., 1972; Murray, 1975) . Significant correlations were also found between dissolved Co and dissolved Mn in aquatic systems by Lienemann et al. (1997) . Most of the Co in the soils is contained in or associated with Mn in mineral form. Indeed, there is a large literature on the adsorption of cobalt by MnO 2 : in soils and sediments (Means et al., 1978b; Alloway, 1990) , in fresh waters (Hem et al., 1985) , in lakes (Balistrieri et al., 1992) and in sea water (Knauer et al., 1982; Hem et al., 1985; Santschi, 1988; Shaw et al., 1990) . Studies of adsorption of Co(II) on synthetic birnessite have been carried out too by Crowther et al. (1983) . They proposed several mechanisms of Co incorporation into Mn-rich phases of minerals. In the soil solutions, co-precipitation and adsorption seem to be the mechanisms which explain the link between Co and Mn.
Some studies have shown a high sorptive capacity of Mn oxyhydroxides and MnO 2 towards some trace metals. In various natural settings (Jenne, 1968; Carpenter et al., 1975; Robinson, 1981; Dillard et al., 1982; Lind and Hem, 1993) and in a series of laboratory experiments, many metals are closely associated with Mn oxyhydroxides, including: Zn (Balistrieri and Murray, 1986; Catts et al., 1986; Hem et al., 1987) , Cu and Ni (Balistrieri et al., 1986; Hem et al., 1989) , Cd (Hem et al., 1991) , Pb (Catts et al., 1986) ; but also in deep-sea sediments (Cu, Ni, Pb and Zn) (Thomson et al., 1993) , in sea water (Ni, Cu and V) (Shaw et al., 1990) The trace metal concentration is governed by a number of interrelated processes, including inorganic and organic complexation, precipitation/dissolution reactions, adsorption/desorption reactions and redox reactions (Evans, 1989; Singh and Steinnes, 1994) . These observed results indicate the high impact of particles on the regulation of trace mobility (Table 10 ). In addition, they intend to assess the mixed nature of Robinson (1981) showed that the chemical properties of the Mn oxides are associated with the clay minerals. Jenne (1968) noted the probable occurrence of Fe and Mn oxides as partial coatings on other minerals (and notably clay minerals). Clay minerals and oxyhydroxide minerals have long been recognized as the main metal sorbents in soils (Jenne, 1968; Evans, 1989) and in aquatic systems (Förstner and Wittmann, 1979; Benjamin and Leckie, 1981; Bilinski et al., 1991) .
Soil solutions were collected above and in the gravely and concretion-rich horizon, in order to assess the impact of the concretion-rich horizon on the distribution of trace metals in the soil waters. In this horizon, concretions are Fe-and Mn-rich coatings and can stabilize trace metals by adsorption or co-precipitation processes with Fe-Mn oxyhydroxides under oxidizing conditions (Jenne, 1968; Stumm and Morgan, 1996) . 
Conclusions
This study highlights the distribution, behaviour and controlling factors of some trace metals in unpolluted soil solutions of a planosolic horizon and enhanced knowledge of these kinds of solution. The relationships between the different parameters and trace metals are complex and can not be related to only one parameter. However, results
show Fe and Al oxyhydroxides, clay minerals and organic matter play an important role in trace metal distribution and mobility. In these weakly reductive waters, trace metals are mainly linked to particles. In addition, the concretion-rich horizon has an impact both on the trace element composition and on the particle composition, although this impact cannot be linked to the chemical distribution of the horizon.
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Figure 1 a) Schematic diagram of the studied toposequence (modified from Cornu et al., 2005) . b) Study area and location of three water sampling sites (piezometers 1a, 1b, 2a, 2b, 3a and 3b) (modified from Alberic et al., Unpublished study). 
